Objectives: Open chest management (OCM) is an important intervention for patients who are unable to undergo sternal closure after cardiac surgery. This study reviews the factors associated with a prolonged need for this intervention and investigates its association with early and late mortality.
See Editorial Commentary page 925.
Postcardiotomy open chest management (OCM) for the treatment of mediastinal edema was first described by Riahi and colleagues, 1 who used a novel technique of sternal traction using an overhead pulley to relieve cardiac compression and improve patient hemodynamic parameters. As a result of improving perioperative critical care with a resultant increase in survival rates, [2] [3] [4] [5] [6] and a reported low incidence of mediastinal infections, 5, 7 indications for this technique have expanded to include the treatment of severe coagulopathy, hemodynamic instability, intractable arrhythmias, and the insertion of temporary assist devices, [3] [4] [5] 8, 9 establishing it as an important treatment option for patients who are unable to undergo primary sternal closure after cardiac surgery.
The need for OCM occurs in 1% to 4% of general adult cardiac surgery and has been reported to be required in up to 50% of left ventricular assist device (LVAD) implants in a recent multi-institutional study. 7 Despite the established use of OCM in the current era, the perioperative factors that are associated with a prolonged need for this intervention have not been described to date. Knowledge of these factors may be helpful in the identification of certain high-risk characteristics for needing longer OCM, allowing earlier interventions for risk-factor modification and could also prove valuable in providing clinicians with a better understanding on the natural history of complications that develop while the chest is open. It also remains unclear if maintaining OCM for a prolonged duration is associated with any significant effect on early or late mortality. The results from studies in the literature have indicated that there may be a relationship between a prolonged time to delayed sternal closure (DSC) and poorer patient outcomes 2, 3 ; however, a clearer understanding of this association will be important, particularly during the risk-benefit assessment when deciding appropriate timing of sternal closure.
We report a comprehensive review of a large series of patients undergoing OCM at a quaternary academic medical institution. In addition, we present an analysis of the perioperative factors associated with the need for prolonged OCM and investigate whether such a need results in any difference in early or late patient mortality.
METHODS
An institutional review board approved the retrospective review of adult patients undergoing cardiac surgery requiring OCM from January 2009 to December 2014. The objectives of this study were to investigate the overall indications, perioperative characteristics, complications, and mortality of patients who undergo OCM; determine the patient factors that are associated with a prolonged requirement for OCM; and investigate the potential relationship between the duration of OCM with operative and long-term mortality. Patient data were obtained from a prospectively maintained institutional clinical database and from chart reviews. Society of Thoracic Surgeons database definitions were used to define the baseline patient characteristics and complications reported in this study.
Perioperative Management of the Incision and Antibiotic Prophylaxis
Preoperative preparation of all cardiac surgery patients at our institution involved a chlorhexidine (4%) scrub shower the evening before and the morning of the procedure. All surgical sites were prepped with iodine povacrylex (Duraprep; 3M, St Paul, Minn). If OCM was required, the chest cavity was irrigated with antibiotic solution and a 32 to 36 French thoracostomy tube was usually placed in addition to 2 standard mediastinal drains to ensure satisfactory mediastinal drainage. Mediastinal structures were protected from the free edge of the sternum with surgical gauze and the skin was then closed over the open chest with a running nonabsorbable suture ( Figure 1 ) and covered with a silver-impregnated sterile dressing, which was left in place until the time of DSC or if mediastinal re-exploration was required. In procedures where skin closure was not possible due to significant mediastinal edema, either a Gore-Tex patch (W.L. Gore & Associates, Flagstaff, Ariz) or an Esmarch bandage (Medline Industries, Mundelein, Ill) was sewn to the skin edge to achieve sterile mediastinal isolation. A video of our technique is available online (Video 1). All patients testing negative for methicillin-resistant Staphylococcus aureus were administered cefazolin before the incision. Vancomycin was added to the regimen if patients were found to be positive for methicillin-resistant S aureus. In patients undergoing primary sternal closure, antibiotic prophylaxis was continued for 24 hours postoperatively. For patients requiring OCM, prophylaxis was continued until 24 hours after DSC was achieved, and was only discontinued if there was no clinical evidence of an ongoing infectious process.
OCM in Intensive Care Units and Timing of DSC
The decision to DSC was made at the discretion of the operating surgeon and was performed if all efforts to normalize severe postcardiotomy coagulopathy, hemodynamic instability, and pulmonary dysfunction were unsuccessful, or if there was a requirement for additional temporary mechanical support that would preclude primary sternal closure. All patients requiring OCM were mechanically ventilated and appropriately sedated in an intensive care unit. Mediastinal re-explorations were performed only if clinically indicated. The decision to close the chest was made by the operating surgeon and was based on resolution of the initial indication for OCM, accounting for patient hemodynamics, inotropic requirements, mediastinal drain outputs, and volume status. In patients requiring temporary circulatory support, evidence (or the absence) of myocardial recovery guided decision making on definitive therapy and ultimately timing of DSC.
Statistical Analysis
Patient demographic characteristics, perioperative characteristics, and postoperative complications during OCM were reported using percentages for categorical variables. Normality of data was assessed using the Shapiro-Wilk test and medians were used to report the central tendency of nonnormal continuous variables. Comparisons with nonnormal continuous variables were performed using the Mann-Whitney U test or simple linear regression, whereas comparisons with categorical variables were performed using the c 2 test. Multivariable Poisson regression was used to examine the association between perioperative factors and the duration of OCM using variables with a P value .1 on bivariate analysis. Similarly, to determine the association between the duration of OCM and operative mortality, variables with a P value .1 on bivariate analysis for 30-day mortality were included in a multivariable logistic regression model to analyze for independent factors associated with this outcome. A Cox proportional-hazards model was also used to assess clinical factors that were associated with long-term survival by using variables with a P value of .1 determined by Kaplan-Meier analysis. Passive follow-up for survival status was conducted until January 2017 and this was assessed by cross-referencing evidence of patient activity in the medical record with 
RESULTS
During the study period, 3779 cardiac surgeries were performed, of which 201 cases (5.3%) required OCM and were included in this review. The most common surgical procedures requiring this intervention were long-term LVAD implants in 74 patients (36.8%) followed by aortic procedures in 45 patients (22.4%). Severe coagulopathy and hemodynamic instability represented the most common primary indication to DSC in 142 (70.7%) and 21 (10.5%) patients, respectively, whereas the need for central extracorporeal membrane oxygenation precluding primary sternal closure in 9 patients (4.5%) was the least frequent indication for OCM. The remaining procedures requiring, and indications for, OCM are summarized in Table 1 .
Factors Associated With Duration of OCM
The median age of the overall OCM cohort was 62 years and 137 patients (68.2%) were men. The overall median duration of OCM in this study was 3 days. Perioperative factors that were observed more frequently in patients who required prolonged OCM are summarized in Table 2 . Increasing age was not associated with a longer requirement for OCM (P ¼ .24), whereas men required significantly lengthier periods of this intervention (P ¼ .005). Median OCM duration was also noted to be significantly longer when variables indicative of significant preoperative cardiac dysfunction were present; these included preoperative cardiopulmonary resuscitation (CPR) (median, 9 vs 2 days; P ¼ .003), cardiogenic shock (median, 5 vs 2 days; P ¼ .04), and a left ventricular ejection fraction (LVEF) 30% (median, 4 vs 2 days; P<.001). Other perioperative factors that were significantly associated with a longer requirement for OCM were emergency surgeries (P < .001), increasing cardiopulmonary bypass (P ¼ .01), higher intraoperative blood product transfusion rates (P ¼ .008), the need for temporary mechanical support (7 vs 2 days; P < .001), and sternal re-exploration before DSC (6 vs 2 days; P<.001). Prolonged OCM was also significantly associated with an increased rate of complications that developed while the chest was open. Apart from deep sternal wound infections (DSWIs) (P ¼ .51), which were not found to increase in frequency with prolonged durations of OCM, pneumonias (P <.001), bacteremia (P ¼ .01), and sepsis (P <.001), were observed in patients who required longer OCM on bivariate analysis, with median durations of 11, 12, and 12 days, respectively. Postoperative renal failures were among the most prevalent complications noted during OCM and were also significantly associated with longer durations of this intervention (6 vs 3 days; P <.001).
On multivariable Poisson regression, pneumonias, sternal re-explorations, and the requirement for a temporary mechanical assist device, when present, were each independently associated with a > 50% longer duration of OCM days (P<.001). Renal failure (incidence rate ratio [IRR], 1.28; 95% confidence interval [CI], 1.03-1.60), male sex (IRR, 1.35; 95% CI, 1.14-1.60), and preoperative LVEF 30% (IRR, 1.36; 95% CI, 1.16-1.61) were also independently associated with a longer duration of OCM. The remaining results from the multivariable analysis are detailed in Table 3 .
Factors Associated With 30-day and Long-Term Mortality in Patients Undergoing OCM
Of the 201 patients who underwent OCM, 169 (84.1%) were alive at 30 days postoperatively, whereas 32 experienced mortalities (15.9%). The 30-day mortality rate by procedure was highest in patients undergoing total artificial heart implant (4 out of 5 patients; 80%), followed by coronary artery bypass grafting (5 out of 15 patients; 33%), valve cases (6 out of 24 patients; 25%), aortic Values are presented as median (1st quartile-3rd quartile) or n (%). OCM, Open chest management; LVEF, left ventricular ejection fraction; DSC, delayed sternal closure. *Simple linear regression was used to measure associations.
procedures (7 out of 45 patients; 16%), combined coronary artery bypass grafting with a valve case (2 out of 13 patients; 15%), orthotopic heart transplants (2 out of 20 patients; 10%), and was lowest in patients undergoing LVAD implants (6 out of 74 patients; 8%). Perioperative factors that were significantly associated with 30-day mortality on bivariate analysis included the need for emergency surgery (56% vs 36%; P ¼ .03), sternal re-exploration (53% vs 25%; P ¼ .001), and the duration of OCM (median 6 days in nonsurvivors vs 3 days in survivors; P ¼ .03). Increasing age, hypertension, cardiogenic shock, preoperative CPR, and redo sternotomies all trended toward a significant association with operative mortality (P .10) ( Table 4 ) and these variables were included in a multivariable logistic regression model. The results from the multivariable analysis revealed that the odds of operative mortality independently increased by 5% for every yearly increment in age (P ¼ .01); this effect was more pronounced when analyzing the duration of OCM, which resulted in an 11% increased odds of 30-day mortality for every day sternal closure was delayed (P ¼ .01). The other variables selected for inclusion in this model were not found to be significant and are summarized in Table 5 .
Follow-up was completed in 94% of survivors at a mean of 50 AE 24 months with an overall survival of 51%. A Cox proportional-hazards model was then used to assess the association between perioperative factors with long-term mortality and the results from this analysis are presented in Table 6 . Notably, the duration of OCM was found to be independently associated with a 9% increased risk of Values are presented as median (1st quartile-3rd quartile) or n (%). LVEF, Left ventricular ejection fraction; DSC, delayed sternal closure.
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4-year mortality for every additional day this intervention was required (P < .001). Interestingly, chronic renal insufficiency was also found to be associated with an increased risk for late mortality (P ¼ .005), while increasing age trended toward a significant effect on this outcome (P ¼ .08).
DISCUSSION
Open chest management with DSC began in the late 1970s and its use expanded after early studies demonstrated acceptable survival rates and a low incidence of DSWIs, which had represented a major obstacle to widespread acceptance. The survival in these early studies ranged from 48% to 66% of patients and the incidence of DSWIs were reported to be between 2% and 4%. 4, 5, 10, 11 More recently, the outcomes of OCM patients have improved, with several studies reporting survival as high as 76% to 89%, 2, 3, 12 likely occurring as a result of improved perioperative patient selection and advancements in critical care. OCM in a contemporary cohort of patients at our institution was required in 5% of patients undergoing cardiac surgery, resulting in a survival rate of 84%, which is similar to other reports in the literature. 3, 5, 7, 13 In this study, a longer duration of OCM was significantly associated with an increased likelihood of 30-day mortality. This finding was noted previously by Anderson and colleagues 2 in a study of 87 patients undergoing OCM.
They report an average time of 6.2 days in patients who experienced operative mortalities versus 3.2 days in survivors. Boeken and colleagues 3 report a similar finding with mortalities noted at an average of 6.4 days in 212 patients with an open chest (vs 3.2 days), and in their analysis a delay of>6 days before sternal closure was found to be independently associated with a 2.6 times increased risk of death. We also observed a median time of 6 days with an open chest in nonsurvivors compared with 3 days in survivors and found that this risk of early mortality increased by 11% for each day sternal closure was delayed. Furthermore, such a delay was also found to increase the risk of late mortality by 9%, providing more evidence as to its association with poor patient outcomes. Notably, quantification of the risk to delaying sternal closure has not been performed to date and our findings remained significant despite controlling for potential factors that could confound this outcome such as preoperative low LVEF, cardiogenic shock, CPR, and emergent status. It is possible that this increased mortality rate observed with prolonged durations of OCM was reflective of the severity of illness of the patient, resulting from the insult of surgery on a largely precarious clinical baseline; however, it is also likely that the act of delaying sternal closure for a substantial period increases the risk of complications, particularly those of infectious origin, which was observed in our study and could contribute to the poorer outcomes noted in these patients. These results, in addition to others provided in the literature, emphasize the importance of infection prevention and early sternal closure in patients undergoing OCM whenever possible.
Although an understanding of the influence of prolonged OCM on mortality can be valuable when weighing the risks and benefits of earlier sternal closure, knowledge of the perioperative factors that are associated with such a requirement may be just as important. Among these factors, sternal re-explorations, and variables that were indicative of severe cardiac dysfunction either preoperatively (LVEF 30%) or immediately postoperatively (requirement for temporary mechanical support) were independently associated with the need for prolonged durations of OCM on multivariable regression. To our knowledge, no study has performed such an analysis, which limits our review of available data on these findings; however, Anderson and colleagues 2 note that re-explorations for bleeding and the requirement for a temporary ventricular assist device were both predictive of mortality in their study, which they also associate with a prolonged time to DSC. Infectious complications significantly increased in frequency with longer durations of OCM-pneumonias and sepsis, specifically, were independent factors for this outcome and when present, were diagnosed at approximately 12 days of OCM. DSWIs did not occur more frequently with increasing time of OCM in our analyses, which suggests that the reported increased risk of developing DSWIs with OCM 2,3 could be unrelated to the duration the chest is left open; however, due to the low incidence of this complication, our study may not be adequately powered to demonstrate such a difference and thus only limited conclusions can be made from this finding. Ultimately, these results highlight the importance of infection prevention in the care of these severely critical patients who are ill placed to tolerate an infectious burden in addition to the stressors of surgery and their underlying disease process. These results provide further insight into the factors associated with prolonged OCM, which were previously poorly understood and will be important in the preoperative identification and postoperative management of patients who are at an increased likelihood of requiring extended periods of this intervention after cardiac surgery.
Renal complications were a major source of morbidity experienced by OCM patients and have been reported to affect approximately 16% to 30% of cases in similar studies. 3, 5, 14 In our review, renal failure developed in 17% of patients during OCM and was found to be an independent risk factor for a prolonged need for this intervention. Furnary and colleagues, 4 in their review of 107 patients undergoing OCM, found that sternal closure was more likely if a negative fluid balance was achieved for > 48 hours, noting that a marked diuresis would assist in reducing myocardial edema and thus improving the likelihood of successful DSC; they also report an improved prognosis if renal function is preserved, which is likely due to the patients' own capacity to restore an euvolemic state. Their findings correlate with the results in this study because the presence of renal failure, which was defined as either an increase in serum creatinine level 3.0 times greater than baseline, ! 4 mg/dL, or a new requirement for dialysis, was significantly more prevalent in patients who experienced mortalities (50%) compared with those who did not (11%) (P < .001), and was independently associated with a 23% longer duration of OCM days. Additionally, multiple series have identified renal failure or the need for dialysis as significant risk factors for a poor outcome in OCM patients, [2] [3] [4] 14 highlighting the importance of renal-protective strategies in this population to preserve and maintain renal function whenever possible. These involve, among others, the perioperative optimization of hemodynamic parameters, adequate resuscitation to maintain intravascular volume, avoidance or cautious use of nephrotoxic agents, and early identification of renal injury to prevent progression to failure.
In summary, the results from this study provide further evidence that OCM in a contemporary cohort of patients can be safely performed with acceptable early and late outcomes, and remains an important therapeutic intervention in patients who are unable to undergo safe primary sternal closure following cardiac surgery. Despite this, the increased early and late mortality rate, and higher perioperative morbidity noted in patients who require prolonged durations of OCM, emphasize the importance of closing the chest expeditiously by continuously assessing if ongoing OCM is needed, and also support a high degree of vigilance for associated complications, particularly those of infectious and renal origin.
Limitations
There are several limitations associated with this study. We had difficulty retrospectively determining the primary reason to delay sternal closure in a number of patients because the decision was often multifactorial and involved a combination of hemodynamic instability, coagulopathy, and use of temporary assist devices. This decision-making process, or descriptions of attempts to close the sternum primarily before deciding to delay sternal closure, was not consistently documented in operative notes. Delays in chest closure could have been related to extramural factors, such as operating room availability, surgeon coverage, weekend schedule, and patient neurological status, which were difficult to retrospectively analyze but represent an important factor to account for when managing OCM patients. These likely represent an area in which significant improvements in the processes of care can be made. This is the most detailed study of a rare situation that cardiac surgeons encounter: When you get in there, you do a tough case, and you cannot close the chest. There is not a lot of literature on this subject, so I applaud the authors for tackling something and providing a very detailed report.
First, the published rate of management for open closure or delayed closure ranges from 1.8% to 4% in all the published studies in your reference list that I read.
Our rate at our hospital is clearly not 5%, and your rate is closer to 5%. From your manuscript, you say that 70% of your open chest patients have severe coagulopathy. In your talk, you said it was a mixture. But in your description you say 70% of the reason for open chest management is coagulopathy and 10% was hemodynamic instability.
Was there a consideration of longer time in the operating room with correction of coagulopathy and then a standard closure? Our acceptance standard for re-exploration is between 1% and 2%, so my question is, have you considered staying in the operating room longer, correcting a coagulopathy, and then trying to close?
Dr Wong. Thank you for your question and for reviewing our work.
Firstly, severe coagulopathy was the primary indication for open chest management in 70% of our patients based on documentation in the operative notes. There were patients where more than 1 indication existed that we determined from postoperative clinical notes; however, we report only the primary indication to avoid confusion.
As we mentioned, a lot of the cases that required open chest management were cases where the surgeon actually did stay in the operating room for as long as possible with the intention to correct the coagulopathy. However, because of the time that was taken and the severity of the coagulopathy, it was determined that open chest management would be better in these group of patients.
Additionally, a significant number of our patients had a left ventricular assist device, and the literature in those group of patients supports a more liberal use of this intervention, so I think the rate of coagulopathy that was reported was probably influenced by that.
Dr Leavitt. My second question is 23% of your patients had temporary circulatory support. None of your patients in the control center had external support. Is that a standard protocol for your institution?
Dr Wong. Yes. So at our institution, we were fairly liberal over the past 5 years with regard to the implantation of CentriMag ventricular assist devices for temporary right and left heart support. That practice has somewhat changed slightly where we are attempting to go with more percutaneous interventions for support, and therefore we have not been as liberal with regard to open chest management in patients who required temporary circulatory support.
Dr Leavitt. Now, my final question because the fourth one is you didn't document the types of procedures, but in your slide you did.
So my last question is about patients with preoperative cardiopulmonary resuscitation (CPR) who had 16 times the rate of open chest management compared with those without preoperative CPR. In our institution, patients do not go to the operating room unless CPR has been discontinued, and hemodynamic stability or somewhat stability has occurred.
